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$EVWUDFW
3RZGHU EHG SUHKHDWLQJ LV D SURPLVLQJ GHYHORSPHQW LQ VHOHFWLYH ODVHUPHOWLQJ 6/0PDLQO\ DSSOLHG WR DYRLG ODUJH WKHUPDO
VWUHVVHV LQ WKHPDWHULDO 7KLV VWXG\ DQDO\VHV WKH HIIHFW RI LQSURFHVV SUHKHDWLQJ RQPLFURVWUXFWXUHPHFKDQLFDO SURSHUWLHV DQG
UHVLGXDO VWUHVVHV GXULQJ 6/0 RI+ WRRO VWHHO 6DPSOH SDUWV DUH SURGXFHGZLWKRXW DQ\ SUHKHDWLQJ DQG DUH FRPSDUHG WR WKH
FRUUHVSRQGLQJSDUWVPDGHZLWKSUHKHDWLQJDWDQG&,QWHUHVWLQJO\LQWHUQDOVWUHVVHVDWWKHWRSVXUIDFHRIWKH
SDUWV HYROYH IURP FRPSUHVVLYH 03D ZLWKRXW SUHKHDWLQJ WR WHQVLOH VWUHVVHV 03D ZLWK SUHKHDWLQJ DW &
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LQGXFHGVWUHVVHVLQWKHSDUWVDQGIRUPDWLRQRILQKRPRJHQHRXVPLFURVWUXFWXUHV2QHZD\WRRYHUFRPHWKHVHSUREOHPV





H[WUXVLRQ 5HFHQW VWXGLHV IRFXV RQ VXUIDFH KDUGHQLQJ 7HODVDQJ HW DO E =KDQJ HW DO  &RQJ HW DO
-LDHWDODQG/HHHWDODQGODVHUFODGGLQJ2X\DQJHWDO&RWWDPDQG:DQJ
0D]LDV]HWDO3LQNHUWRQDQG/L7HODVDQJHWDO*XHWDORIWKLVPDWHULDO,QDGGLWLRQ
&RUQLHU HW DO  UHSRUW DERXW WKH SURFHVVLQJ RI+ WRRO VWHHO E\ HOHFWURQ EHDPPHOWLQJ $O0DQJRXU HW DO






YDOXHVXS WR+Y'XULQJ ODVHUFODGGLQJ WKH HQWLUHSDUW LVPDGH LQ D VLPLODUZD\DQGKDUGQHVVYDOXHVRI
+YDUHREWDLQHGE\2X\DQJHWDO&RWWDPDQG:DQJDQG7HODVDQJHWDO3LQNHUWRQDQG/L
HYHQUHSRUWKDUGQHVVHVLQWKHUDQJHRI+Y'XULQJODVHUFODGGLQJKRZHYHUERWWRPOD\HUVXQGHUJRD
VSHFLILF WKHUPDO KLVWRU\ RI UHKHDWLQJ GXULQJ GHSRVLWLRQ RI HYHU\ VXEVHTXHQW OD\HU 7KHUHIRUH D WHPSHUHG
PLFURVWUXFWXUH LV H[DPLQHG LQ ODVHU FODGGHG+ SDUWV E\2X\DQJ HW DO  DQG0D]LDV] HW DO  7KLV





VWUHVV RI 03D DIWHU VXUIDFH KDUGHQLQJ &RWWDP DQG :DQJ  DQG 7HODVDQJ HW DO  REWDLQHG
FRPSUHVVLYHVWUHVVHVRI UHVSHFWLYHO\ DQG 03D LQ ODVHUFODGGLQJ)XUWKHUPRUH&RWWDPDQG:DQJ
GHWHUPLQHGVWUHVV OHYHOV WKURXJKRXW WKHHQWLUHSDUWDQGFRQFOXGHG WKDWDOWKRXJKFRPSUHVVLYHVWUHVVHVDUHIRXQGDW
WKH RXWHU VXUIDFH WHQVLOH VWUHVVHV 03D DUH SUHVHQW LQ WKHPLGGOH RI WKH SDUWZKLFK FDQEH H[SODLQHGE\ WKH




EHHQ UHSRUWHG H[WHQVLYHO\ +RZHYHU QRQH RI WKHVH VWXGLHV H[DPLQH WKH HIIHFW RI LQSURFHVV SUHKHDWLQJ RQ
PLFURVWUXFWXUH RU LQWHUQDO VWUHVV OHYHOV ,Q WKLV VWXG\ SDUWV SURGXFHG E\ 6/0 ZLWKRXW DQG ZLWK SUHKHDWLQJ
WHPSHUDWXUHVRI&&&DQG&DUHFRPSDUHG:LWKRXWDSSOLFDWLRQRISUHKHDWLQJWKHWRSDUHDRI




































ILEHU ODVHUZLWK DPD[LPXPRXWSXW SRZHU RI :DQG D EHDPGLDPHWHU GHð RI P%DVH SODWH SUHKHDWLQJ LV
DSSOLHGXVLQJD UHVLVWLYHKHDWLQJHOHPHQWXQGHUQHDWK WKHEDVHSODWH7KH WHPSHUDWXUH LV FRQWUROOHGZLWKLQ&





XVHG 7KH\ ERWK DSSO\ D ODVHU SRZHU RI : 6FDQQLQJ VSHHGV DUH PPV SDUDPHWHU VHW  DQG PPV
SDUDPHWHUVHW5HODWLYHGHQVLWLHVDUH!DVGHWHUPLQHGE\SL[HOFRXQWPHDVXUHPHQWVXVLQJ,PDJH-VRIWZDUH
0LFURVWUXFWXUHVDQGIUDFWXUHVXUIDFHVDUHLQVSHFWHGE\XVLQJD3KLOLSV;/)(*VFDQQLQJHOHFWURQPLFURVFRSH








NJ RQ SROLVKHG VXUIDFHV RI WKH SDUWV XVHG IRU VWUHVVPHDVXUHPHQWV 7R DVVHVV YDULDWLRQV RI KDUGQHVV DFURVV D
VHFWLRQSDUDOOHOWRWKHEXLOGLQJGLUHFWLRQDPDWUL[RIKDUGQHVVPHDVXUHPHQWVLVSHUIRUPHGDQDORJRXVWR&RWWDPDQG
:DQJ7KHGLVWDQFHVIURPWKHERDUGHURIWKHSDUWDQGEHWZHHQDGMDFHQWLQGHQWDWLRQVLVIL[HGDWPPDQG
LQ DFFRUGDQFH WR$670( ,Q RUGHU WR REWDLQ DFFXUDWH KDUGQHVV YDOXHV FORVH WR WKH WRS VXUIDFH RI WKH SDUWV
KDUGQHVVPHDVXUHPHQWVDUHSHUIRUPHGRQDSROLVKHGFURVVVHFWLRQSHUSHQGLFXODUWRWKHEXLOGLQJGLUHFWLRQ




)LJ  VKRZV DQ 6(0 LPDJH RI D VLGH YLHZ VHFWLRQ DORQJ WKH EXLOGLQJ GLUHFWLRQ RI D SDUW SURGXFHG ZLWK
SDUDPHWHUVHWZLWKRXWDSSOLFDWLRQRISUHKHDWLQJ7KHEXLOGLQJGLUHFWLRQLVVLWXDWHGWRZDUGVWKHWRSRIWKHILJXUHDV
LQGLFDWHGE\WKHDUURZ$ILQHFHOOXODUVWUXFWXUHLVREVHUYHGZKLFKLVLQDFFRUGDQFHWROLWHUDWXUH1RFOHDUGLIIHUHQFHV
LQ FHOOXODU VWUXFWXUH DUH IRXQG EHWZHHQ SDUWV SURGXFHG DW GLIIHUHQW SUHKHDWLQJ WHPSHUDWXUHV 'LIIHUHQFHV LQ
PLFURVWUXFWXUHVPLJKWDSSHDULQVLGHRIWKHREVHUYHGFHOOV,QRUGHUWRDVVHVVWKLVKRZHYHUPRUHLQGHSWKDQDO\VLVLV
QHFHVVDU\




SUHVHQW IRU DOO SUHKHDWLQJ WHPSHUDWXUHV $W D SUHKHDWLQJ WHPSHUDWXUH RI & EFF LV OHVV SUHVHQW FRPSDUHG WR








ZHOO DV VKHDU VWUHVVHV DUH SUHVHQW LQ WKH SDUWV )LJ  VKRZV PD[LPXP SULQFLSDO VWUHVVHV ZKLFK DOORZV IRU D
FRPSDULVRQRIWKHODUJHVWVWUHVVSUHVHQWLQHDFKSDUW:LWKRXWDSSOLFDWLRQRISUHKHDWLQJODUJHFRPSUHVVLYHVWUHVVHV










LPDJHV (DFK VTXDUH LQGLFDWHV RQH LQGHQWDWLRQ:KLWH VTXDUHV DUH VKRZQ DW SODFHVZKHUH QR YDOLGPHDVXUHPHQW
UHVXOWFRXOGEHREWDLQHG'DUNEOXHVTXDUHVLQGLFDWHYHU\ORZKDUGQHVVYDOXHVZKLFKFDQEHH[SODLQHGE\SRURVLWLHV
LQ WKHSDUWV ,Q JHQHUDO SUHKHDWLQJ DW & UHVXOWV LQ ORZHU RYHUDOO KDUGQHVV DQGSUHKHDWLQJRI& UHVXOWV LQ
KLJKHURYHUDOOKDUGQHVV
,Q DGGLWLRQ WR WKHVH PHDVXUHPHQWV KDUGQHVV PHDVXUHPHQWV DUH SHUIRUPHG DW VHFWLRQV SHUSHQGLFXODU WR WKH
EXLOGLQJGLUHFWLRQFORVHWRWKHWRSVXUIDFHRIWKHSDUWV 7DEOH  7KHVH PHDVXUHPHQWV DUH FDUULHG RXW
EHFDXVH D GLVWDQFH RI P IURP WKH WRS VXUIDFH RI WKH SDUWV ZDV WDNHQ LQWR DFFRXQW IRU WKH KDUGQHVV PDSV
+DUGQHVV YDOXHV DW WKH WRS OD\HU DUH YHU\ KLJK IRU SDUWV SURGXFHGZLWKRXW SUHKHDWLQJ 7KLV WUHQG LV DOVR VOLJKWO\
VKRZQLQ)LJZKHUHWKHWRSURZRIWKHSDUWZLWKRXWSUHKHDWLQJDOUHDG\VKRZVKLJKHUKDUGQHVVYDOXHVWKDQWKHUHVW




VLJQLILFDQW GURS LQ KDUGQHVV ZKHQ PRYLQJ DZD\ IURP WKH WRS VXUIDFH LQGLFDWHV VLJQLILFDQW WHPSHULQJ RI WKH
PDUWHQVLWLFPLFURVWUXFWXUH)RUSDUWVSURGXFHGZLWKDSUHKHDWLQJWHPSHUDWXUHRI&KRZHYHUKDUGQHVVYDOXHVDUH
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 7DEOH9LFNHUVPLFURKDUGQHVVYDOXHVFORVHWRWKHWRSVXUIDFHRIWKHSDUWVIRUGLIIHUHQWSUHKHDWLQJWHPSHUDWXUHV
3UHKHDWLQJWHPSHUDWXUH 1R & &






IRU DOO WHVWHGSUHKHDWLQJ WHPSHUDWXUHV ,PSRUWDQW WRQRWLFH LV WKH VLJQLILFDQWKDUGHQLQJEHKDYLRU DQGKLJKXOWLPDWH
WHQVLOHVWUHQJWKRISDUWVSURGXFHGZLWK&SUHKHDWLQJWHPSHUDWXUH7KHVWUHQJWKREWDLQHGKHUHLVFRPSDUDEOHWR
FRQYHQWLRQDOO\PDGH DQG KHDW WUHDWHG+ WRRO VWHHO 7KLV LPSOLHV WKDW SURGXFWLRQZLWK SUHKHDWLQJ FDQ HOLPLQDWH
VWUHQJWKHQLQJSRVW KHDW WUHDWPHQWV ,W VKRXOGEHQRWHGKRZHYHU WKDW HORQJDWLRQ DW EUHDN IRU WKH6/0HGSDUWV DUH
VLJQLILFDQWO\ORZHUWKDQIRUFRQYHQWLRQDOPDWHULDO
)HKOHU 9HUZHLVTXHOOH NRQQWH QLFKW JHIXQGHQ ZHUGHQ VKRZV IUDFWXUH VXUIDFHV RI WKH GLIIHUHQW SDUWV 7KH















&RQYHQWLRQDO    
6/0±QRSUHKHDWLQJ    
6/0±SUHKHDWLQJRI&    
6/0±SUHKHDWLQJRI&    




6LJQLILFDQW GLIIHUHQFHV LQ PHFKDQLFDO SURSHUWLHV DUH IRXQG EHWZHHQ SDUWV EXLOG ZLWK GLIIHUHQW SRZGHU EHG
SUHKHDWLQJWHPSHUDWXUHV
3DUWV SURGXFHG ZLWKRXW SUHKHDWLQJ SRVVHVV D PDUWHQVLWLF VWUXFWXUH LQ HDFK QHZO\ PROWHQ OD\HU 7KH ;5'
GLIIUDFWLRQSDWWHUQUHYHDOVDPDUWHQVLWLFSKDVHDVZHOODVUHWDLQHGDXVWHQLWH7KHKLJKIUDFWLRQRIPDUWHQVLWHLQWKHWRS
OD\HUVOHDGVWRDYHU\KLJKKDUGQHVVRI+Y)XUWKHUPRUHWKLVKDUGPDUWHQVLWLFPDWHULDOLVODUJHO\WHPSHUHG
GXULQJPHOWLQJRIVXEVHTXHQW OD\HUV7KLV LVGHPRQVWUDWHGE\ WKHKDUGQHVVGURSZKHQPRYLQJDZD\IURPWKH WRS
VXUIDFH7KHELJGLIIHUHQFHLQPLFURVWUXFWXUHEHWZHHQWKHWRSIHZOD\HUVDQGWKHUHVWRI WKHSDUWODUJHIUDFWLRQRI
PDUWHQVLWHFRPSDUHGWRDODUJHO\WHPSHUHGPDUWHQVLWHOHDGVWRODUJHFRPSUHVVLYHVWUHVVHVDWWKHWRSRIWKHSDUW
$WDSUHKHDWLQJWHPSHUDWXUHRI& WKHPLFURVWUXFWXUHLVFRPSDUDEOH WR WKHPLFURVWUXFWXUHREWDLQHGZLWKRXW
DSSOLFDWLRQRISUHKHDWLQJ7KH;5'GLIIUDFWLRQSDWWHUQVKRZVDODUJHUIUDFWLRQRIUHWDLQHGDXVWHQLWHGXHWRWKHOHVV
IDVWTXHQFKLQJ6OLJKWO\ ORZHUKDUGQHVVDQG UHVLGXDO VWUHVVYDOXHVRI WKH WRSRI WKHSDUWV VXSSRUW WKLVFRQFOXVLRQ
$QDORJRXVWRSDUWVEXLOWZLWKRXWSUHKHDWLQJODUJHWHPSHULQJWDNHVSODFHZKHQWKHQH[WOD\HUVDUHPROWHQZKLFKLV






UHSRUWHGE\(VHU HW DO  WKHPDWHULDO VWD\V DERYHPDUWHQVLWH WUDQVIRUPDWLRQ WHPSHUDWXUHGXULQJSURFHVVLQJ
6LQFHSURGXFWLRQWLPHVDUHGHSHQGLQJRQWKHUXQLQWKHUDQJHRIKRXUVWKHFFWGLDJUDPVXJJHVWVIRUPDWLRQRI
EDLQLWH 7KLV LV D UHDVRQDEOH VXJJHVWLRQ VLQFH EDLQLWH LV DQ LQWHUPHGLDWH IRUP EHWZHHQ PDUWHQVLWH DQG SHUOLWH
+DUGQHVVPHDVXUHPHQWVRIWKHYHU\WRSRIWKHSDUWVLQGLFDWHWKDWKDUGQHVVHVDUHORZHUIRUSUHKHDWLQJRI&WKDQ
IRU&DQGQRSUHKHDWLQJEHFDXVHWKHIRUPHGEDLQLWHLVQRWDVKDUGDVQRQWHPSHUHGPDUWHQVLWH)XUWKHUPRUHWKH
PLFURVWUXFWXUH LVPRUHXQLIRUPWKURXJKRXW WKHSDUW VLQFH WKH IRUPDWLRQRIEDLQLWHRFFXUVPDLQO\DIWHUSURGXFWLRQ
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1RSUHKHDWLQJ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
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&RQFOXVLRQ
,Q WKLV UHVHDUFK+ WRRO VWHHO SDUWV DUH SURGXFHG E\ XVLQJ VHOHFWLYH ODVHUPHOWLQJZLWK GLIIHUHQW SRZGHU EHG
SUHKHDWLQJWHPSHUDWXUHV,WZDVIRXQGWKDWORZSUHKHDWLQJWHPSHUDWXUHVRIXSWR&VRIWHQWKHPDWHULDOZKHUHDV
KLJKHU SUHKHDWLQJ WHPSHUDWXUHV RI & UHVXOW LQ D VWURQJHU PRUH XQLIRUP PDWHULDO 5HVLGXDO VWUHVVHV DUH
FRPSUHVVLYHDWORZSUHKHDWLQJWHPSHUDWXUHVDQGJUDGXDOO\HYROYHWRDWHQVLOHQDWXUHZKHQSUHKHDWLQJWHPSHUDWXUHV
LQFUHDVH
7KH SDUWV REWDLQHG E\ XVLQJ D SUHKHDWLQJ WHPSHUDWXUH RI &KDYH D YHU\ KRPRJHQHRXVPLFURVWUXFWXUH DQG
DGGLWLRQDOO\ WKH\ SRVVHVV EHWWHU PHFKDQLFDO SURSHUWLHV WKDQ SDUWV SURGXFHG ZLWKRXW RU ZLWK ORZHU SUHKHDWLQJ








$O0DQJRXU % *U]HVLDN ' <DQJ -  1DQRFU\VWDOOLQH 7L&UHLQIRUFHG + VWHHO PDWUL[ QDQRFRPSRVLWHV IDEULFDWHG E\ VHOHFWLYH ODVHU
PHOWLQJ0DWHULDOVDQG'HVLJQ
&RQJ ' =KRX + 5HQ = =KDQJ = =KDQJ +0HQJ &:DQJ &  7KHU WKHUPDO IDWLJXH UHVLVWDQFH RI + VWHHO UHSDLUHG E\ D
ELRPLPHWLFODVHUUHPHOWLQJSURFHVV0DWHULDOVDQG'HVLJQ
&RUQLHU'+DUU\VVRQ2:HVW+ &KDUDFWHULVDWLRQRIKLJKDOOR\ VWHHOSURGXFHGYLD HOHFWURQEHDPPHOWLQJ6)) V\PSRVLXP7H[DV
86$
&RVWD -03LUHV -7%$QWXQHV)1REUH -3%RUUHJR/3 5HVLGXDO VWUHVVHV DQDO\VLVRI1G<$* ODVHUZHOGHG MRLQWV$QDOHVGH
0HFiQLFDGHOD)UDFWXUD9RO
&RWWDP 5:DQJ -  &KDUDFWHULVDWLRQ RI PLFURVWUXFWXUH DQG UHVLGXDO VWUHVV LQ D ' + WRRO VWHHO FRPSRQHQW SURGXFHG E\ DGGLWLYH
PDQXIDFWXULQJ-0DWHU5HV9RO1R6HS
(VHU $ %URHFNPDQQ & 6LPVLU &  0XOWLVFDOH PRGHOLQJ RI WHPSHULQJ RI $,6, + KRWZRUN WRRO VWHHO ± 3DUW  3UHGLFWLRQ RI
PLFURVWUXFWXUHHYROXWLRQDQGFRXSOLQJZLWKPHFKDQLFDOSURSHUWLHV&RPSXWDWLRQDO0DWHULDOV6FLHQFH




,QWHUOOR\ 3W\ /WG  + 7RRO 6WHHO ;&U0R9 UHWULHYHG IURP KWWSZZZLQWHUOOR\FRPDXRXUSURGXFWVWRROVWHHOKWRROVWHHO
[FUPRY
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